The nitrogen-fixing symbiosis of legumes and Rhizobium bacteria is established by complex interactions between the two symbiotic partners. Legume Fix -mutants form apparently normal nodules with endosymbiotic rhizobia but fail to induce rhizobial nitrogen fixation. These mutants are useful for identifying the legume genes involved in the interactions essential for symbiotic nitrogen fixation. We describe here a Fix -mutant of Lotus japonicus, apn1, which showed a very specific symbiotic phenotype. It formed ineffective nodules when inoculated with the Mesorhizobium loti strain TONO. In these nodules, infected cells disintegrated and successively became necrotic, indicating premature senescence typical of Fix -mutants. However, it formed effective nodules when inoculated with the M. loti strain MAFF303099. Among nine different M. loti strains tested, four formed ineffective nodules and five formed effective nodules on apn1 roots. The identified causal gene, ASPARTIC PEPTIDASE NODULE-INDUCED 1 (LjAPN1), encodes a nepenthesin-type aspartic peptidase. The well characterized Arabidopsis aspartic peptidase CDR1 could complement the strain-specific Fix -phenotype of apn1. LjAPN1 is a typical late nodulin; its gene expression was exclusively induced during nodule development. LjAPN1 was most abundantly expressed in the infected cells in the nodules. Our findings indicate that LjAPN1 is required for the development and persistence of functional (nitrogen-fixing) symbiosis in a rhizobial strain-dependent manner, and thus determines compatibility between M. loti and L. japonicus at the level of nitrogen fixation.
INTRODUCTION
The nitrogen-fixing symbiosis of leguminous plants and Rhizobium bacteria is established by highly coordinated interactions between the two symbiotic partners.
Generally, the interactions are initiated by perception of bacterial signal molecules, called Nod factors (NFs), by the host plant roots, leading to infection thread (IT) formation to perceive bacterial invasion and to induction of cortical cell division to form nodule primordia. In the past two decades, a large number of symbiosis-defective mutants have been isolated from two model legumes, Lotus japonicus and Medicago truncatula, and their phenotypes have been analyzed in details. These efforts have focused mainly on dissecting early symbiotic signalling pathways. Consequently, many legume genes involved in the early steps of NF signalling and nodule development have been isolated and their functions have been investigated extensively (reviewed in Desbrosses and Stougaard, 2011; Murray, 2011; Oldroyd, 2013) Besides the early NF signalling pathways, however, there are very complex interactions between the host cells and endosymbiotic rhizobia also in mature nodules. Most Rhizobium bacteria do not fix atmospheric nitrogen in a free-living state in soil. In the nodule cells, they are released from ITs and are enclosed within a symbiosis-specific membrane (symbiosome membrane). In symbiosomes, they further differentiate into a symbiosis-specific form, the bacteroid, and then develop N 2 -fixing ability. Housing within the nodule cells and differentiation into bacteroids are essential for rhizobial N 2 fixation; therefore, bacteroid differentiation and N 2 -fixing activity are under strict control through interactions between host plant cells and endosymbionts (reviewed in . The hostdetermined Fix -mutants, which are able to form morphologically normal nodules with endosymbiotic bacteria but are defective in nitrogen fixation, are the most useful tool with which to identify the legume genes involved in such interactions. Several Fix -mutants have been isolated from L. japonicus (Sandal et al., 2006) and M. truncatula (Starker et al., 2006) , and functional analyses of their causal genes have unveiled novel molecular aspects of symbiotic nitrogen fixation. Fix -genes cloned so far can be classified into three categories: (i) genes involved in nodule-specific metabolism required for the N 2 fixation activity of bacteroids; (ii) genes involved in the transport of metabolites or inorganic ions between the plant cell cytosol and bacteroids; and (iii) genes required for bacteroid differentiation or maintenance.
In the first category, homocitrate synthase (FEN1) in L. japonicus has been demonstrated to be essential for N 2 fixation because it provides bacteroids with homocitrate, an essential component of the FeMo cofactor of nitrogenase (Hakoyama et al., 2009) . Several nodule-specific (nodulin) genes have also been to be shown essential for efficient N 2 fixation by reverse-genetics approaches; these include genes for leghemoglobins , phosphoenolpyruvate carboxylase (Nomura et al., 2006) , and sucrose synthase (Baier et al., 2007) . In the second category, many nodule-specific transporters are presumed to be located in the symbiosome membrane, which mediates metabolite exchange between the host plant cell and bacteroids (Udvardi and Poole, 2013) . SST1 in L. japonicus encodes a nodule-specific sulfate transporter, which is located in the symbiosome membrane and is crucial for the supply of sulfate ions to bacteroids . The presence of a dicarboxylate transporter and an ammonium transporter in the symbiosome membrane has also been shown (Udvardi and Day, 1997; Kaiser et al., 1998) , but the corresponding genes have not yet been identified. The L. japonicus SEN1 gene, identified in a Fix -mutant, encodes a putative vacuole-type iron transporter; its expression is restricted to nodule infected cells (Hakoyama et al., 2012a) , but the intracellular localization of the SEN1 protein and its exact functions are not known. In the third category, the most intriguing finding in the past decade was that of the plant-derived nodule infected cell-specific cysteine-rich (NCR) peptides, which trigger terminal differentiation of microsymbionts to bacteroids (van de Velde et al., 2010; Kondorosi et al., 2013) . A component of the nodule-specific secretory pathway, DNF1, has been suggested to be involved in the transport of the NCR peptides across the symbiosome membrane and then into bacteroids (van de Velde et al., 2010; Wang et al., 2010) . Loss-of-function of an NCR peptide results in Fix -phenotypes (Horv ath et al., 2015) , but recent evidence demonstrates that some NCR peptides negatively regulate bacteroid differentiation and/ or persistence in a rhizobial strain-specific manner Yang et al., 2017) . Hundreds of NCR peptides are expressed in Medicago nodules (Mergaert et al., 2003) , but their exact biochemical functions in the interactions between the host cell and endosymbionts remain to be identified. NCR peptides are specific to legumes that belong to the inverted repeat-lacking clade (IRLC) such as Medicago, which normally form indeterminate nodules . In non-IRLC legumes, such as Lotus and Glycine, which form determinate nodules, no NCR peptide genes have been found, and Rhizobium differentiation into bacteroids is not terminal, i.e., they can revert to the free-living state. The mechanisms underlying bacteroid differentiation and its persistence in the nodules of non-IRLC legumes are still to be elucidated and relevant host genes are unknown. IGN1, which encodes an ankyrin-repeat membrane protein, has been suggested to be involved in differentiation or persistence of bacteroids, but its exact biochemical functions are not known (Kumagai et al., 2007) . We herein describe a Fix À mutant of L. japonicus, apn1
(sym104), which forms apparently normal nodules with endosymbiotic bacteria but fails to induce efficient nitrogen fixation activity and suffers premature nodule senescence as manifested by disintegration and following necrosis of infected cells. A very specific phenotype of the apn1 mutant is that it forms ineffective (Fix -) nodules when inoculated with the Mesorhizobium loti strain TONO, but forms effective nodules when inoculated with the M. loti strain MAFF303099. We demonstrate that the causal gene of the apn1 mutant encodes a nodule-specific aspartic peptidase.
RESULTS

Isolation and growth of Ljapn1 mutants
The Ljapn1-1 (formerly Ljsym104 in Sandal et al., 2006) mutant was isolated from the progeny of plants regenerated from calli derived from L. japonicus accession MG-20 Miyakojima as described previously (Hossain et al., 2006) . Ljapn1-2, of the same complementation group, was identified from progeny of plants irradiated with a C 6+ ion beam as described (Magori et al., 2009) . When inoculated with the M. loti strain TONO, the apn1 mutants formed small white nodules and displayed severe nitrogen deficiency symptoms, such as stunted stem growth and small chlorotic leaves (Figure 1a -c). The following phenotypic analyses were made mostly using the apn1-1 mutant. Nodule numbers were almost the same in apn1 and wild-type (WT) MG-20 (Figure 1d ), but the nodule fresh weight per plant was much smaller in apn1, indicating that the mutant nodules were very small (Figure 1c , e). Nitrogenase (acetylene reduction) activity of the apn1 nodules was extremely low compared with that of WT nodules (Figure 1f, g ). Characteristically, apn1 nodules were often dark brown or black ( Figure 1c ). The growth of apn1 was fully restored when it was supplied with a sufficient amount of ammonium nitrate (Figure S1 
Structure of nodules and nodule cells of apn1 mutants
The structure inside the apn1 nodules was examined by optical and electron microscopy. The early senescence of nodule cells, which is characterized by a decrease in bacteroid density, abnormal enlargement and irregular shapes of symbiosomes, the presence of lytic vacuoles that contain multiple bacteroids, and disintegration of infected cells, is more or less a common symptom in the Fix -mutants investigated so far (Hakoyama et al., 2009 (Hakoyama et al., , 2012a Hossain et al., 2006; Kumagai et al., 2007) . Therefore, we examined relatively early stages of nodule development [8 and 12 days post inoculation (dpi)]. The apn1 nodules developed infected cells filled with bacteroids, although the bacteroids appeared less dense than in the WT nodules (Figure 2a-d) . The infected region of the apn1 nodules contained irregularly shaped infected cells, which were stained very deeply with toluidine blue (Figure 2c, d) . At 8 dpi, most of the infected cells of the apn1 nodules were structurally comparable with those of the WT nodules ( Figure 2e , f), but some of these were swollen and had irregularly shaped symbiosomes and lytic vacuoles (Figure 2g) , indicating that the disintegration of infected cells was initiated at very early stages of nodule development in the apn1 mutants. The irregularly shaped infected cells that were stained deeply with toluidine blue (Figure 2c , d) appeared to contain many enlarged symbiosomes and droplets of electron-dense material and to have lost turgor pressure ( Figure 2d , h). In these cells, bacteroids also had abnormally uneven morphology and seemed to suffer from plasmolysis. 
Map-based cloning of APN1 gene
To identify the APN1 gene, we used a population generated by crossing apn1-1 with L. japonicus B-129 Gifu ( Figure S2 ). In brief, using 72 F 2 and 1354 F 3 mutant plants, we delimited the apn1 locus to approximately 430 kb on chromosome 3 and this region was covered by seven BAC (bacterial artificial chromosome) or TAC (transformationcompetent artificial chromosome) clones. On the basis of the sequences of these clones, we predicted 26 open reading frames (ORFs) in this region. Sequencing of these ORFs identified mutations in ORF-12, suggesting that this ORF is the APN1 gene. In apn1-1, a single nucleotide deletion results in a frameshift immediately followed by a stop codon. In apn1-2, deletion of six nucleotides in the same ORF results in a protein lacking contiguous two amino acids ( Figure 3a) . Transformation of the apn1-1 mutant with ORF-12 cDNA from WT plants fully restored effective nodulation and normal growth, which were comparable with those of WT plants ( Figure 4 ). Taken together we concluded that ORF-12 is the APN1 gene. The APN1 gene had no intron, and the sequence matched perfectly that of the predicted gene Lj3g3v0950730.1 in Lotus Base (https://lotus.au.dk/).
Structure of APN1 gene product
The APN1 gene encodes a polypeptide of 441 amino acids (MW = 49 kD), which has high sequence similarity with (e-h) Electron micrographs of nodule sections of wild type (e) and apn1-1 (f-h) at 8 dpi (e-g) and 12 dpi (h). A lytic vacuole (V) in an apn1 nodule infected cell is shown in (g). IC, infected cell; UC, uninfected cell; B, bacteroid; N, nucleus. An electron micrograph of a deeply stained infected cell (arrows in (d)) is shown in (h). Open arrows indicate infection threads (IT). Red arrowhead points at the portion of the cell wall facing an intercellular space. Asterisk indicates a droplet of electron-dense material. Bars represent 1 lm (e, f) and 2 lm (g, h).
aspartic peptidases (APs) such as nodulin-41 (PvNOD-41) isolated from Phaseolus vulgaris nodules (Olivares et al., 2011) and CDR1 from Arabidopsis thaliana (Xia et al., 2004) ( Figure S3 ). PvNOD-41 and CDR1 are both demonstrated to have peptidase activity by biochemical studies. The DTGS and DSGS motifs required for AP activity are conserved in APN1 (Figures 3a and S3 ). Phylogenetic analysis of APN1 and its homologues from various plant species (including well characterized plant APs such as nepenthesin, nucellin, oryzasin, cyprosin, and phytepsin) grouped APN1 and other legume orthologues into a cluster more closely related to Arabidopsis CDR1 rather than to nepenthesin and nucellin. Amino acid sequence identities of APN1 to CDR1, nepenthesin and nucellin were 41.5, 34.8 and 23.5%, respectively. We found that AtCDR1 driven by the Lotus polyubiquitin promoter can complement the apn1 mutant phenotypes ( Figure 5 ), strongly suggesting that APN1 has the same function as AtCDR1. Therefore, we named the L. japonicus gene ASPARTIC PEPTIDASE NODULE-INDUCED 1 (APN1). APN1 appears to have a signal peptide at the N-terminus, which is most probably an extracellular-targeting signal (Figures 3a and S3 ) and lacks the so-called plant-specific insert (PSI) in the same way as CDR1 and PvNOD-41 (Xia et al., 2004; Olivares et al., 2011) . Expression analysis of APN1 in various organs and during nodule development
Quantitative real-time polymerase chain reaction (qRT-PCR) with APN1 cDNA-specific primers demonstrated that APN1 expression is restricted to the nodules (Figure 6a ). The transcript was first detected in nodulated roots at 8 dpi and was thereafter upregulated considerably during nodule development. No APN1 transcript was detected in stems, leaves, or uninfected roots. Thus, APN1 is a typical late nodulin gene. Analysis with the L. japonicus Gene Expression Atlas (http://ljgea.noble.org/v2/) showed that the APN1 transcript is most abundant in root nodules but is also present in flowers at a low level. Localization of APN1 transcript in the nodule tissues was examined by in situ hybridization. Strong signals with antisense APN1 cRNA were detected in infected cells (Figure 6b) , indicating that APN1 expression is most abundant in nodule infected cells.
Mesorhizobium loti strain-specific Fix
-phenotype of apn1
mutants
The apn1 mutants exhibited a Fix -phenotype when inoculated with the M. loti strain TONO, but not with the strain MAFF303099 ( Figure 7 ). Plant growth, nodule appearance, and nitrogenase activity of the mutants were almost the same as those of WT plants when inoculated with MAFF303099. We further examined the rhizobial straindependent Fix -phenotype of apn1 by testing it with other M. loti strains ( Figures S4 and S5) . Inoculation with TONO, R5A, R7A, and NZP2014 resulted in ineffective (Fix -) nodules on the apn1 mutants, although nodule nitrogenase activities differed among the strains, whereas MAFF303099, NZP2037, NZP2213, NZP2234, and NZP2298 formed effective pink nodules. Therefore, apn1 is an unusual mutant that shows a Fix -phenotype in an M. loti strain-specific manner. The differences in nitrogenase activities among M. loti strains were directly reflected in shoot growth, but it should be noted that the shoot growth of apn1 tended to be retarded relative to WT plants even with compatible M. loti strains ( Figure S5 ).
DISCUSSION
When inoculated with the M. loti strain TONO, the apn1 mutants display typical Fix -phenotypes; they form small and often dark brown or black nodules with extremely low nitrogen-fixing activity and the plants cannot grow normally under symbiotic conditions (Figure 1 ). The apn1 nodules showed typical early (premature) senescence, as indicated by swollen and irregularly shaped symbiosomes and unusual excessive vacuolation of the infected cells (Figure 2 ). However, these symptoms were less severe than in other L. japonicus Fix -mutants such as ign1 (Kumagai et al., 2007) , sen1 (Hakoyama et al., 2012a) , and Ljsym105 (Hossain et al., 2006) . Irregularly shaped regions that were deeply stained with toluidine blue appeared in the infected zone of apn1 nodules early at 8 dpi ( Figure 2c ). Initially, we considered these regions to be phenolic deposits between the nodule cells as reported for symCRK, a Fix -mutant of M. truncatula (Berrabah et al., 2014) . However, these regions expanded during apn1 nodule senescence, were distinguished by a cell wall from intercellular spaces, and were packed with swollen symbiosomes (Figure 2h) . Therefore, it is very likely that they were necrotic infected cells, in which the bacteroids also became necrotic. These necrotic cells were often penetrated with ITs, indicating that some infected cells in the apn1 nodules become necrotic just after the release of bacteroids from ITs. Similar nodule internal structures have been observed in the M. truncatula nad1 mutant more drastically, in which nodules rhizobia and their symbiotic plant cells become necrotic immediately after the release of rhizobia from ITs (Wang et al., 2016) . Early senescence of nodule cells is common in Fix -mutants, even though the extent of its severity along nodule age varies. Early senescence of nodules may be attributed to the activation of defence-like responses in host plant cells to microsymbionts (Kumagai et al., 2007; Sinharoy et al., 2013; Berrabah et al., 2014) . Indeed, significant activation of defence-related genes has been reported for some Fix -mutants of M. truncatula (Bourcy et al., 2013; Berrabah et al., 2014 Berrabah et al., , 2015 Gourion et al., 2015; Wang et al., 2016) . Expression of genes involved in plant immunity in the apn1 nodules would be an important subject to study. Some M. truncatula Fix -mutants resemble Ljapn1 in the nodule phenotypes, such as disintegration and subsequent necrosis of the infected cells and dark brown or black appearance (Bourcy et al., 2013; Sinharoy et al., 2013; Berrabah et al., 2014 Berrabah et al., , 2015 Wang et al., 2016) . APN1 encodes an aspartic peptidase (AP) and has high sequence similarity with CDR1 from Arabidopsis and PvNOD-41 from the common bean ( Figure S3) , both of which were demonstrated to have peptidase activity. These APs are classified as non-classical-type aspartic proteases because they lack the C-terminal saposin-like plant-specific insert (PSI,~100 amino acid stretches), which presents in most plant APs and may function in protein sorting into the vacuoles through the Golgi apparatus (T€ orm€ akangas et al., 2001) . In higher plants, aspartic proteases are involved in diverse processes such as protein degradation for nitrogen reutilization, stress responses, plant senescence, programmed cell death, and sexual reproduction (Simões and Faro, 2004) . Arabidopsis CDR1 and its rice orthologue OsCDR1 have been best studied in regard to responses to biotic stresses; a gain-of-function mutation or overexpression of these genes in Arabidopsis and rice enhances resistance to bacterial and fungal pathogens by activating local and systemic defence responses (Xia et al., 2004; Prasad et al., 2009) . High sequence similarity and functional compatibility of APN1 and CDR1 suggest that APN1 is essential for the regulation of defence-like reactions in nodule infected cells. Olivares et al. (2011) reported that PvNOD-41, which is most probably a common bean orthologue of L. japonicus APN1, is present exclusively in nodule uninfected cells. They suggested that PvNOD-41 is involved in maintaining the integrity of nodule uninfected cells by inducing mild defence responses to constrain the spread of the bacteria out of the infected cells. In the apn1 nodules, however, infected and uninfected cells differentiated normally, with no leakage of bacteroids into uninfected cells. Disintegration and necrosis of infected cells in apn1 nodules (Figure 2) are consistent with the finding that APN1 is most abundantly expressed in infected cells (Figure 6b ). Similar to AtCDR1, APN1 has a 24-amino acid signal peptide at the N-terminus ( Figure S3 ), which is predicted to be extracellular-targeting signal. The probable orthologue of Lotus APN1 in soybean (Glycine max), Glyma15 g260700 (Glyma15 g41420.1 in SoyBase v1.0; Figure 3b) , is shown to locate in the peribacteroid space by proteomics analysis (Clarke et al., 2015) . In addition, the putative APN1 orthologue in M. truncatula, XP013443143 (Figure 3b ), is abundant in the proximal infection zone and infected cells but not in uninfected cells (https://mtgea.noble.org/v3/). Although the APN1::GFP fusion construct could complement the apn1 mutant phenotypes, we were unable to localize APN1 in the nodules with this construct, because faint GFP signals were dispersed over the whole nodule tissues. Localization of the APN1 protein by immunogold labelling with APN1-specific antibody will be needed.
The most intriguing and unique feature of the apn1 mutant is that its Fix -phenotype appears to be M. loti strain-specific; strains such as TONO formed ineffective nodules, whereas other strains such as MAFF303099 formed effective nodules on apn1 roots (Figures 7 and S4 ). In soybean, the dominant loci, Rj2/Rfg1 and Rj4, restrict nodulation with specific strains (serogroups) of Bradyrhizobium japonicum and Sinorhizobium/Ensifer fredii (reviewed in Hayashi et al., 2012) . The Rj2/Rfg1 gene encodes a member of the Toll-interleukin receptor/nucleotide-binding site/leucine-rich repeat (TIR-NBS-LRR) class of plant resistance (R) proteins, which confer resistance to microbial pathogens through an effector-triggered immune response (Yang et al., 2010) . The Rj4 gene encodes a thaumatin-like protein of the pathogenesis-related protein family 5 (Hayashi et al., 2014; Tang et al., 2016) . These dominant genes appear to function in a way similar to gene-for-gene resistance to bacterial pathogens, as represented by various R genes involved in strain-specific disease resistance. Effector protein(s) secreted via the rhizobial Type-III secretion system are involved in strainspecific incompatibility with Rj2/Rfg1 (Yang et al., 2010; Tsukui et al., 2013) and Rj4 (Faruque et al., 2015; Yasuda et al., 2016) . These findings strongly suggest that both root nodule symbiosis and Plant-pathogen interactions require regulation of plant immune responses triggered by microbial effector proteins.
Rj2/Rfg1-and Rj4-dependent nodulation restriction against incompatible Bradyrhizobium or Sinorhizobium/ Ensifer strains almost completely blocks bacterial infection and nodule organogenesis at their initial stages. In contrast, the apn1 mutants form apparently normal nodules containing intracellular rhizobia but fail to develop functional (nitrogen-fixing) symbiosis with specific M. loti strains. Therefore, the incompatibility of apn1 against specific M. loti strains is determined at much later stages of nodule development. This indicates that strain-dependent mutual recognition between nodule cells and symbiotic rhizobia continues even after endosymbiosis is established, and APN1 could be involved in such interactions. In regard to nitrogen-fixation level incompatibility between rhizobia and host legumes, two closely related genes, NFS1 and NFS2, were cloned from M. truncatula very recently Yang et al., 2017) . They both encode NCR peptides and negatively regulate the persistence of bacteroids within nodule cells in an allele and rhizobial strain-specific manner. As mentioned above, no NCR peptide gene was found in the Lotus genome. APN1 orthologues are found in M. truncatula, P. vulgaris, and G. max (Figure 3b ), and all of these genes are predominantly expressed in root nodules. Therefore, APN1 may represent a new class of host proteins involved in rhizobial strain-specific compatibility at the nitrogen-fixation level. It should be noted, however, that the growth of the apn1 mutant was retarded slightly relative to WT even when inoculated with compatible M. loti strains such as MAFF303099 ( Figure S5 ), albeit nitrogenase (acetylene reduction) activities per nodule fresh weight were similar to or higher than in WT ( Figure S4 ). This retardation of the apn1 growth seems to be mainly due to the small size of the apn1 nodules; therefore, APN1 may play role(s) in nodule development even with compatible M. loti strains.
On the basis of phenotypic characterization of the apn1 mutants and the putative function of APN1, we suggest that APN1 is involved in proteolytic degradation of effectors secreted from specific M. loti strains represented by TONO, which inappropriately invoke host plant immunity against the microsymbionts, and thus is required for persistence of functional symbiosis with those strains. In this context, we suppose that the APN1 protein might be localized in the peribacteroid space (inside the symbiosome membrane). It is noteworthy that the majority of plant APs are active at acidic pH and symbiosomes are acidic compartments in the infected cells (Day et al., 2001; Obermeyer and Tyerman, 2005) . More effort is required to understand strain-dependent interactions between L. japonicus nodule cells and M. loti that are regulated by APN1. In particular, it would be interesting to find the rhizobial factor(s) involved in the interactions mediated by APN1. By analogy with soybean Rj2/Rfg1 and Rj4, effectors secreted by the rhizobial Type-III or Type-IV secretion system might be candidate APN1 interactors (Yang et al., 2010; Yasuda et al., 2016) . The genome of MAFF 303099 was the first to be completely sequenced among rhizobial genomes (Kaneko et al., 2000) , and the genome sequencing of TONO has been recently completed (Shimoda et al., 2016) . These genome resources would be powerful tools to explore the rhizobial factor(s) interacting with APN1. For this purpose, we have generated a signature-tagged mutant library of M. loti strain TONO, and extensive screening of the tagged mutant lines that form effective nodules on the apn1 mutant is currently under way in our laboratory.
EXPERIMENTAL PROCEDURES Plant materials, Mesorhizobium strains, and growth conditions
Surface-sterilized seeds of Lotus japonicus B-129 Gifu (Handberg and Stougaard, 1992) and MG-20 Miyakojima (Kawaguchi et al., 2001) were germinated on 0.9% (w/v) agar plates containing 1/10-strength B5 medium salts for a week. For nodulation tests, the seedlings were transferred to vermiculite pots watered with 1/2 strength B&D medium (Broughton and Dilworth, 1971) , inoculated with the M. loti strains TONO or MAFF303099 (Kawaguchi et al., 2002) , and grown in an artificially lit growth cabinet at 24°C for 16 h (light) and 22°C for 8 h (dark). The following M. loti strains were used for complementation tests: R7A (Sullivan et al., 1995) , R5A (Sullivan et al., 1996) , NZP2014, NZP2037, NZP2213, NZP2234, and NZP2294 (Jarvis et al., 1982) . To harvest the seeds, seedlings were transferred to pots with horticultural soil (Kureha Chemical Co. Ltd., Tokyo, Japan), covered with a vermiculite layer, and grown in a greenhouse at about 28°C (day; 16 h) and 24°C (night; 8 h); during the day, natural light was supplemented with mercury lamps.
Fine mapping of the LjAPN1 locus
We used a mapping population generated by crossing apn1-1 with L. japonicus B-129 Gifu. The apn1 (sym104) locus is located between TM0996 at 21.9 cM and TM0111 at 27.9 cM on chromosome 3 (Sandal et al., 2006) . For fine mapping, simple sequence repeat (SSR) and derived cleaved amplified polymorphic sequence (dCAPS) markers (Hayashi et al., 2001) were assessed for cosegregation in 72 F 2 homozygous recessive mutant plants and 1354 F 3 mutant plants derived from F 2 heterozygous WT plants. The region of chromosome 3 between TM0996 (21.9 cM) and TM0279 (24.8 cM), where the APN1 gene locus was mapped (Figure S2a) , was covered by Lotus BAC/TAC clones identified by chromosome walking and anchoring with DNA markers (Table S1 ) derived from BAC/TAC clones corresponding to the syntenic region of the soybean genome and containing TBLASTN hit sequences (with ORF sequences used a queries). We sequenced BAC/TAC clones covering the 430-kb region where the apn1 locus was mapped, and predicted 26 ORFs in this region ( Figure S2b ) using RiceGAAS (http:// ricegaas.dna.affrc.go.jp/). Mutations in the ORFs were detected by comparing their sequences between apn1-1 and WT.
DNA manipulation and cDNA cloning
All conventional DNA manipulations were carried out according to standard procedures (Sambrook and Russell, 2001) . The entire coding region of APN1 was amplified from the L. japonicus EST clone BP060030 (GENf039f01) by PCR with the PrimeSTAR MAX enzyme (Takara Bio Inc., Shiga, Japan) under the following conditions: 98°C (10 sec), then 35 cycles of 98°C (10 sec), 55°C (5 sec), and 72°C (20 sec). Amplified products were cloned into the pENTR-D-Topo vector (Life Technologies Corporation, Carlsbad, CA, USA). As GENf039f01 was derived from mature nodules of L. japonicus B129 Gifu (Asamizu et al., 2000) , we confirmed that its coding sequence was perfectly identical to that of APN1 from L. japonicus 0 Rapid amplification of cDNA ends (RACE) was performed with the SMARTer RACE amplification kit (Clontech, Mountain View, CA, USA) following the manufacturer's instructions. All primers are listed in Table S2 .
Acetylene reduction assay
An intact plant was placed in a 12-ml glass tube with a rubber cap. Acetylene (1 ml) was injected into the tube, and the tube was incubated in a water bath at 25°C. The gases were sampled at 30 sec and 30 min after injection, and the amount of ethylene was determined by gas chromatography as described previously (Kouchi et al., 1991) .
Light and electron microscopy
Nodules were fixed in 4.0% paraformaldehyde and 2.5% (w/v) glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.0) for 3 h at room temperature and then overnight at 4°C. Samples were washed several times with the same buffer and were post-fixed in 2.0% (w/v) osmium tetroxide in the same buffer for 3-4 h at room temperature. They were dehydrated through graded ethanol and then acetone series, and finally embedded in epoxy resin (Quetol-812, Nisshin EM Co. Ltd, Tokyo, Japan). Thin (ca. 1 lm) sections for light microscopy and ultrathin (ca. 0.05 lm) sections for electron microscopy were made by an ultramicrotome (Ultra Cut-R, Leica Microsystems, Tokyo, Japan). Thin sections were placed on a slide glass, stained with 0.002% (w/v) toluidine blue, and observed under an optical microscope. Ultrathin sections were stained with uranium acetate and lead citrate and observed under an electron microscope (H-700, Hitachi, Tokyo, Japan).
Agrobacterium rhizogenes-mediated transformation
LjAPN1 and AtCDR1 cDNAs were amplified by PCR from GENf039f01 and genomic DNA of A. thaliana, respectively. Primer sets are listed in Table S2 . Amplified products were cloned into the pENTR-D-Topo vector (ThermoFisher Scientific, Yokohama, Japan) and then subcloned between the polyubiquitin (LjUbq1) promoter and the nos terminator of the binary vector pUbgwGFP (Maekawa et al., 2008) by using Gateway LR Clonase II (ThermoFisher Scientific). These constructs were transformed into A. rhizogenes LBA1334, and then introduced into the apn1-1 mutant by hairy-root transformation (Diaz et al., 2005) .
Quantitative RT-PCR
Total RNAs were isolated from leaves, stems, uninfected roots and nodulated roots by the cetyl trimethyl ammonium bromide (CTAB) method followed by purification with an RNeasy Plant Mini Kit (Qiagen, Tokyo, Japan) (Nakagawa et al., 2011) . They were reverse transcribed by using a Quantiscript Reverse Transcriptase kit (Qiagen) and subjected to qRT-PCR on a Light Cycler with FastStart DNA Master SYBR Green I (Roche Diagnostics, Tokyo, Japan) according to the manufacturer's instructions. As an internal standard, L. japonicus ubiquitin (LjUbQ) (Flemetakis et al., 2000) was used. Primers used for qRT-PCR are listed in Table S2 .
In situ hybridization
Nodules were harvested from WT MG-20 plants at 16 dpi with M. loti TONO, fixed in 4% (w/v) paraformaldehyde and 0.25% (w/v) glutaraldehyde in 50 mM sodium phosphate buffer (pH 7.4), dehydrated through graded ethanol and then graded tertiary-butanol series in a microwave tissue processor (H-2800; EB Sciences, East Granby, CT, USA), and embedded in Paraplast Plus (SigmaAldrich, Tokyo, Japan). A 783-bp fragment of the coding region of APN1 was excised from the cDNA construct in pENTER-D-Topo by EcoRI digestion and was subcloned into pBluescript. The construct was linearized by appropriate restriction enzymes and used as templates to prepare sense and antisense cRNA probes. The probes were synthesized using T3 or T7 RNA polymerase with the digoxigenin system (Roche Diagnostics), hybridized with nodule sections, and visualized as described previously (Kouchi and Hata, 1993) .
COMPUTER ANALYSES
Analyses of primary protein structures and domain searches were performed with SMART (http://smart.emblheidelberg.de/), PredictProtein (http://www.embl.de/predict protein/), and PSORT (https://psort.hgc.jp/). Phylogenetic analysis was made with MEGA7 (http://www.megasoftware. net/).
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The mRNA sequence of LjAPN1 was deposited in the DDBJ/EMBL/GenBank databases under accession number LC279017.
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